Two-dimensional (2D) materials have become a new territory for exploring novel properties and functionalities because of their superior tunability. The unprecedented tunability of 2D materials is also accompanied by many and equally great challenges, as they are susceptible to defects and disorders. The presence of defects and disorders induces the inhomogeneity of electronic states, often making it difficult to directly probe the intrinsic properties of materials. Therefore, many efforts have been devoted to improve the electronic homogeneity, for example, by reducing the density of defects and disorders in the materials and at the interface. However, little attention is paid to the disorders embedded in underlying substrates. Here we investigate how individual dopants in substrate interact with 2D materials and give rise to the electron-hole puddles by low temperature scanning tunneling microscopy (STM) and spectroscopy (STS).
Introduction
The properties and functionalities of two-dimensional (2D) materials and devices heavily rely on the quality of the materials and their van der Waals interfaces. 1, 2 To improve the quality, quite a lot of efforts have been devoted. One major direction is to identify, understand, and control the type of defects in 2D materials, [3] [4] [5] with the ultimate goal to have the single crystalline, defect-free materials. [6] [7] [8] Another popular route is to obtain the clean interface by using ultraflat substrates such as hBN, [9] [10] [11] or reducing the corrugations including bubbles, ripples and wrinkles. 12, 13 However, the disorders embedded in the underlying substrates attract little attention.
In this work, we focus on the question how single dopants from the substrate affect the electronic inhomogeneity of 2D materials. To this end, we studied the epitaxial bilayer graphene grown on nitrogen doped silicon carbide (SiC) substrates by using low temperature scanning tunneling microscopy (STM) and spectroscopy (STS). Using a high bias voltage, we were able to visualize individual nitrogen dopants inside the SiC substrate. At low bias voltage, we characterized the electronic inhomogeneity of epitaxial graphene by measuring the tunneling spectroscopy right on or away from the substrate dopants. We found that the nitrogen dopants in SiC substrate cause the local electron-lack puddles in graphene via Coulomb interaction. Compared to the dopantfree region, the Fermi level with respect to the Dirac point is down shifted by about 40 meV. The size of electron-lack puddles in graphene is about 2 nm in diameter. We remarked that the fluctuation of charge carriers in hBN encapsulated graphene was reported to be ~7 × 10 10 −2 , 9 corresponding to tens of meV near the Dirac point.
To further reduce the carrier fluctuation 14 and decrease the minimum conductance, 15 our finding infers that the defects inside the hBN substrate 16 must be taken into the proper consideration. Furthermore, the epitaxial bilayer graphene on doped SiC has been widely used as the substrate for molecular beam epitaxy (MBE) growth of other 2D materials such as transition metal dichalcogenides 17 and topological materials. 18 Our work suggests that the dopants in SiC may perturb the intrinsic properties of MBEgrown 2D materials.
Result and Discussion

Sample treatment
The growth of bilayer graphene on SiC substrate was carried out in a MBE system with a base pressure of 1 × 10 −10 torr. Commercially available nitrogen-doped 6H-SiC(0001) wafers with the resistivity of 0.02 ~ 0.1 Ω • cm and the dopant density of about ~1x10 18 −3 were used as substrate. After ultrasonic cleaning in acetone, the substrate was treated in ultrahigh vacuum by direct current heating. The growth of epitaxial bilayer graphene on Si-terminated 6H-SiC(0001) surface includes the following three sequential processes. [19] [20] [21] Firstly, the sample was degassed under 600 °C for 3 hours. Then, the sample was annealed at 800 °C under Si flux, which was supplied by direct current heating of a heavily doped silicon wafer. Thirdly, the sample was flash annealed without Si flux for several cycles. For every cycle, the sample was heated up to 1400 °C and held at high temperature for 5 minutes. The sample temperature was in situ monitored by an infrared pyrometer. During the annealing process, the chamber pressure was always maintained below 1 × 10 −9 torr. After the growth of bilayer graphene on SiC substrate, the sample was transferred from the MBE system to our STM system by a mobile suitcase with a base pressure of 3 × 10 −9 torr. Before the STM/STS measurements, the sample was outgassed again at 350 °C for 4 hours. To elucidate the origin of these pits, we measured atomically resolved STM topographic images. Figure 1 Fig. 1(d) . The large period of 18.5 Å corresponds to the (6×6) corrugation observed in Fig. 1(a) . Again, when the same area was imaged at bias voltage of 4 V, an apparent pit was observed [ Fig. 1(e) ]. We note that these pit-like features are distinct from the previous reported defects such as boundary loop 23 and point defect, 24, 25 which are embedded inside the bilayer graphene. In our sample, we also observed such graphene defects as, shown in Fig. 2 . By comparison, these pit-like features do not originate from the defects or corrugation of bilayer graphene. Rather, they are likely from the defects underneath the bilayer graphene, i.e. inside the SiC substrate.
Imaging substrate dopants
Since the SiC substrate is nitrogen doped, these pit-like features may come from the nitrogen dopants in SiC. According to electron spin resonance studies, the nitrogen dopants substitute the carbon sites in SiC, 26 as shown in Fig. 1(f Figure 3 shows the STM topography images of two bilayer graphene samples obtained under different growth conditions. They exhibited the same type of pit-like features and had identical density of pits regardless of the annealing time and rate. The consistency between the density of pits and the density of dopants permitted us to conclude that the observed pit-like features originate from the nitrogen dopants in SiC, which are underneath the epitaxial bilayer graphene.
Electronic inhomogeneity of bilayer graphene
To investigate the effect of nitrogen dopants on the electronic states, the dI/dV spectroscopic measurements were conducted on and off the dopants. Figure 4(a) shows the representative dI/dV spectra with a large range of sample bias voltage Vb. The dI/dV spectra exhibit almost vanishing conductance near zero bias voltage, which reflects the semiconducting nature of SiC underneath the graphene. 27 Around the sample bias voltage of 4 V, a peak appears on both dI/dV spectra. The energy of the peak on the dopant is higher than that obtained away from the dopant, consistent with the electron doping by nitrogen substitution to be discussed below. When the bias voltage was set to 4 V, the density of states on the dopant is smaller than that away from the dopant.
Thus, the reduced tunneling conductance gives rise to the lower apparent height on the dopant in the STM topographic images shown in Fig. 1(a) and (e).
A straightforward question would be how the nitrogen dopants in SiC substrate affect the electronic property of epitaxial bilayer graphene. So we measured the dI/dV spectra with a small range of bias voltage Vb and correlated the dI/dV spectra on and off the dopants, which are shown in Fig. 4(b) . Overall, the dI/dV spectra are identical to previous reports. 20, 28, 29 Both the dI/dV spectra exhibit a dip around zero bias voltage, which could be attributed to the phonon-mediated tunneling. 30, 31 There is also a local minimum at negative bias voltage, corresponding to the Dirac point in graphene. 20, 29 From the dI/dV spectrum taken away from the dopants, the Dirac point is at -420 meV.
By comparison, the Dirac point on the nitrogen dopant is shifted to -380 meV. This result suggests that the epitaxial graphene on SiC substrate is electron doped, and the nitrogen dopants reduce the level of electron doping in graphene. The shift of the Dirac point towards the Fermi level at the site of nitrogen dopants causes the larger density of state at bias voltage smaller than -420 meV ( Fig. 4(b) ). This effect is also seen by correlating the STM topography in Fig. 4(c) and the dI/dV spectroscopic image in Fig.  4(d) . The nitrogen dopants appear as individual pits in STM topographic image, but they become bright protrusions in dI/dV spectroscopic image.
To understand the observed features, we sketched the scenarios with and without nitrogen dopants in Fig. 5(a) . Since the nitrogen dopant substitutes the carbon atom in SiC, the nitrogen atom has one valance electron left after bonding with the neighboring silicon atoms. Then a net negative charge is localized around the dopant, causing electron or n-type doping in SiC. From the view of semiconductor energy band diagram, the negative charge of nitrogen dopants leads to upwards band bending, 32, 33 as shown in the upper panel in Fig. 5(a) . This band bending of SiC is indeed observed in dI/dV spectra in Fig. 4(a) . The peak of the local density of states on the nitrogen dopants shifts to higher sample bias voltage with respect to that on the defect-free region, by an amount of ~310 meV.
The Coulomb potential from the charged nitrogen substitution site tailors the local doping of graphene. For electrons above the Dirac point, the Coulomb interaction with the negatively charged nitrogen is repulsive. So the electron doping level in graphene near the nitrogen dopant is reduced, and the Fermi level shifts down towards the Dirac point, 34, 35 as shown in Fig. 5(b) . Figure 5 
